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PERIODONTOLOGY

Kgp DNA Vaccine Prevents Experimental Periodontitis
Xiao Jianga* / Chuanhua Lib* / Xin Fanc / Xu Chend / Meihua Guoe / Jing Lanf

Purpose: To investigate the prophylactic effect of lysine-specific protease (Kgp) vaccine on experimental periodontitis
in mice.
Materials and Methods: We constructed the eukaryotic expression plasmid pVAX1-kgp and immunised mice with the
recombinant plasmid. Mice were divided into two groups and immunised with pVAX1-kgp or pVAX1 three times at
2-week intervals. Immunoglobulin (Ig)G, IgG1 and IgG2a antibodies were detected by enzyme-linked immunosorbent
assay (ELISA) before and after immunisation. At the last immunisation, a silk ligature infiltrated with Porphyromonas
gingivalis (P. gingivalis) was tied at the neck of the maxillary second molar to induce experimental periodontitis. Each
group was euthanised after 10 days, and microcomputed tomography (micro-CT) and hematoxylin-eosin (HE) staining
were used to detect the loss of alveolar bone.
Results: Comparison with the pVAX1 group indicated that mice immunised with Kgp had higher levels of IgG
(P < 0.05); the levels of the IgG1 were statistically significantly different (p < 0.05), and the levels of the IgG2a subtype were not significantly different. The results of micro-CT and HE staining showed that the alveolar bone loss in the
pVAX1-kgp group was statistically significantly less than that in the pVAX1 group (p < 0.05). The expression of the related inflammatory factors, including interleukin-1β (IL-β), tumour necrosis factor (TNF-α) and interleukin-6 (IL-6), was
lower in the pVAX1-kgp group than in the pVAX1 group.
Conclusion: The Kgp DNA vaccine can enhance IgG levels in a model of experimental periodontitis, effectively activate
immunity, and mitigate alveolar bone loss.
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eriodontitis is a chronic infectious disease, and a main
cause of tooth loss in adults. Gram-negative anaerobic
bacteria and mainly Porphyromonas gingivalis (P. gingivalis)24
are the main pathogens of CP and are also pathogenic factors associated with cardiovascular disease (CVD), type 2
diabetes mellitus (T2DM) and Alzheimer’s disease (AD).5,17
The pathogenicity of P. gingivalis was reported to be
caused by a variety of virulence factors, including gin-
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gipains, which are a family of proteases on the surface and
in the secretory vesicles of P. gingivalis.1 Gingipains are one
of the important independent factors of the bacteria and
include arginine- and lysine-specific cysteine proteases
which are known as arginine-specific gingipain (Rgp) and
lysine-specific gingipain (Kgp).12
Gingipains account for 85% of the total extracellular proteolytic activity of P. gingivalis.19 The production of extracel-
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Table 1

Kgp

PCR sequences of Kgp

Forward primer

5’-GGGGGCTCGAGATGAGGAAATTATTATTGCTGATCGCG-3’ (including XhoI site GCTAGC)

Reverse primer

5’-GGGGGTTACTTGATAGCGAGTTTCTCTACGTAAGA-3’

lular proteases by many bacterial pathogens is considered
to be an important feature of the disease. These proteases
are the main factors that impair the integrity and function of
the host cells. In addition, the enhancement of inflammatory processes may indirectly cause pathological reactions.
Kgp provides an important contribution to the pathogenicity
of Porphyromonas gingivalis, and plays a crucial role in the
survival of the bacteria and pathogenesis of periodontitis.26
Additionally, Kgp participates in P. gingivalis colonisation by
binding to other bacteria in subgingival plaque and oral sulcus epithelial cells through the A1 and A3 domains of adhesin.11 In particular, Kgp has been shown to damage human
connective tissue and plasma, including immunoglobulins;
fibronectin and peptidase inhibitors, thus promoting tissue
injury.2 Additionally, Kgp, also known as haemagglutinin,4
degrades a variety of haemin carrier proteins. Moreover,
comparison with the wild type bacteria indicated that the
growth of the Kgp mutants was significantly impaired in a
specific medium, where a high molecular protein was the
only source of amino acids, whereas the growth in a complex medium was unaffected. Kgp is an important enzyme
for the assimilation of carbon and nitrogen in P. gingivalis. In
animal models, Kgp inactivation resulted in a significant
decrease in the virulence of P. gingivalis.13
P. gingivalis evades host defence mechanisms by disrupting innate immune and inflammatory responses to virulence factors. Kgp appears to be particularly relevant to
the deregulation of the inflammatory response and evasion
of the host defence due to the activation of the kinin cascade and conversion of the soluble complement C3 and C5
proteins.3 Moreover, broad spectrum antibiotic therapy
rarely eradicates gingivitis, which may lead to drug resistance.7 The design of modern DNA vaccines generally relies on the synthesis and cloning of nucleic acids in the
plasmid vectors, reducing the production costs and time.22
Vaccination with DNA plasmids eliminates the need to purify the proteins from infectious pathogens, improving biological safety.10 Plasmid DNA is also very stable at room
temperature, reducing the need for cold-chain supply during
transportation.25
Our previous experiments indicated that the pVAX1-kgp
DNA vaccine enhanced immune responses and significantly
delayed bone loss in the animal models of experimental periimplantitis.6,9 P. gingivalis is the key pathogenic bacterium of
periodontitis and peri-implant inflammation. In this study, we
investigated the role of the Kgp DNA vaccine in periodontitis
and determined the types of specific antibodies.
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MATERIALS AND METHODS
Experimental Animals
A total of 30 four-week-old male C57BL/N mice (16–18 g)
were used in this experiment. The mice were randomly divided into the pVAX1-kgp vaccine group (experimental
group) and the pVAX1 group (control group). The experiment
was carried out after one week of adaptive housing with
good lighting under clean and well-ventilated indoor conditions in a special pathogen-free environment. The room
temperature was 22°C, and the light period was 12 h. Animal experiments were performed in compliance with the
Animal Ethics Committee of Shandong University after the
approval of the local Animal Ethics Committee, and all applicable institutional and governmental regulations concerning the ethical use of animals were followed.

Bacterial Culture
P. gingivalis ATCC 33277 was cultured under anaerobic conditions (5% CO2, 10% H2 and 85% N2) at 37°C in brainheart infusion (BHI) supplemented with L-cysteine (0.4 g/l),
haem (5 mg/l), vitamin K1 (5 μg/ml) and yeast extract
(5 g/l) (Sangon; Shanghai, China).

Construction of the Vaccine
The DNA fragment of the Kgp gene (GenBank number:
NC_010729.1) encoding the haemagglutinin domain and
catalytic domain was amplified from the genome of P. gingivalis ATCC 33277 by PCR using the primers shown in Table 1.
After digestion with NheI and XhoI, the purified gene fragment
was inserted into the eukaryotic vector pVAX1 (Central Laboratory of School of Stomatology, Wuhan University, China) to
obtain the pVAX1-kgp plasmid.
The structure of pVAX1-kgp was confirmed by digestion
and DNA sequencing. The plasmids were isolated and purified for vaccination with an EndoFree plasmid maxi kit (Qiagen; Düsseldorf, Germany).

Animal Immunisation Experiment
Mice were anaesthetised by isoflurane inhalation (2%,
Veteasy; Shenzhen, China). Fifty micrograms of pVAX1-kgp or
the same dose of pVAX1 was injected intramuscularly into
the hind leg. The immunisation was performed three times at
a two-week ntervals. The blood was collected retro-orbitally
and used to isolate the serum (4000 rpm, 4°C, 15 min) after
immunisation at 0, 2, 4 and 6 weeks. The serum was collected and stored at -80°C.
Oral Health & Preventive Dentistry
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a) Experimental schedule; b) ligatures tied around the teeth.

Table 2 Primer sequences of IL-1β-TNF-α and IL-6
Forward primer

Reverse primer

IL-1β

5’ GCACTACAGGCTCCGAGATGAAC 3’

5’ TTGTCGTTGCTTGGTTCTCCTTGT 3’

TNF-α

5’ ATGAGCACAGAAAGCATGA 3’

5’ ATGAGCACAGAAAGCATGA 3’

IL-6

5’ CCTCTGGTCTTCTGGAGTACC 3’

5’ ACTCCTTCTGTGACTCCAGC 3’

β-actin

5’ ACTGGGACGACATGGAG 3

5’ ACTGGGACGACATGGAG 3

Establishment of Animal Periodontitis Model
After the last immunisation, the periodontitis model was
established. Mice were anaesthetised with 10% chloral hydrate (5 mg/kg, Qilu Hospital, Jinan, China) and placed in
the supine position; the limbs and head of the animals
were fixed. The gingiva and mucous membrane in the
mouth of the mice were observed to confirm a healthy
state of the oral cavity. The mouth was sterilised with 1%
iodophor, and the gingival tissue of the second maxillary
molar was separated with a pointed probe. A 5-0 type 4
ligature infiltrated with P. gingivalis ATCC 33277
(CFU = 109) was tied around the neck of the second maxillary molar, and the ligature was replaced once after 1 week
(Fig 1). Two weeks later, all animals were injected with
chloral hydrate for euthanasia.

according to instructions. The treated samples (100 μl)
were added to the wells of a microplate. Fifty microlitres of
enzyme-linked standard was added to the standard sample
wells, and the wells were thoroughly mixed. The microplate
was incubated at 37°C for 60 min. The liquid was completely removed from the wells, and the plates were washed
5 times with prediluted cleaning solution. Fifty microlitres of
each of the substrates I and II was added to the wells. After
the response, 50 μl of stop solution was added to each
well. The OD values were read at 450 nm using a microplate reader within 30 min.

Real-time Quantitative PCR

After the animals were euthanised, the maxilla was isolated
and fixed in a 4% paraformaldehyde solution. Alveolar bone
loss in mice was observed by micro-CT, and the data were
analysed. Some samples were subjected to HE staining of
tissue sections.

The mRNA expression levels of interleukin-1` (IL-`), tumour
necrosis factor (TNF-_) and interleukin-6 (IL-6) in the maxilla
gingiva were detected by RT-PCR two weeks after the last
immunisation. Total RNA was extracted by TRIzol reagent
(Vazyme; Nanjing, China), and cDNA was synthesised using
a cDNA synthesis kit (Takara; Shiga, Japan). The relative
expression levels were measured by the 2-ΔΔct method
using `-actin as an internal control. The primers used in the
experiments are listed in Table 2. All primers were constructed by Sangon Biotech (Shanghai, China).

Enzyme-linked Immunosorbent Assay (ELISA)

Statistical Analysis

IgG, IgG1 and IgG2a in the serum of all animals were detected by ELISA (Elabscience; Wuhan, China). The serum
(2 μl) was diluted 10000 times to prepare the test samples

SPSS 16.0 statistical software was used for data processing and the t-test was used for statistical analysis. p < 0.05
was considered statistically significant.

Histological Observation and Microcomputed
Tomography (micro-CT)

doi: 10.3290/j.ohpd.b2448589
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Fig 2 Results of HE staining and micro-CT. a) HE staining showed that bone loss was reduced in the pVAX1-kgp group (0.89-fold; p < 0.05).
b) Micro-CT showed that bone loss was reduced in the pVAX1-kgp group (mesial root of the first molar: 0.63-fold*, p < 0.05; distal root of the
second molar: 0.56-fold, p < 0.01; mesial root of the second molar: 0.70-fold, p < 0.05).

a

Fig 3 The IgG response in pVAX1 group
and pVAX1 group. a) IgG levels in the
pVAX1 and pVAX1-kgp groups 0, 2, 4 and
6 weeks after immunisation. b) IgG1 levels
in the pVAX1 and pVAX1-kgp groups
6 weeks after immunisation. c) IgG2a
levels in the pVAX1 and pVAX1-kgp groups
6 weeks after immunisation. *p < 0.05,
**p < 0.01.
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RESULTS
Experimental Periodontitis Model
According to the results micro-CT and HE staining, alveolar
bone loss was more pronounced in the pVAX1 group, leading to exposure of the bifurcation of the roots of the molars.
The amount of alveolar bone loss in the pVAX1-kgp vaccine
injection groups was less than that in the pVAX1 group
(p < 0.05; Fig 2).
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pVAX1-kgp

Determination of Immune Response
Before immunisation, the IgG response did not differ statistically significantly between the three subtypes (p>0.05).
The IgG level in the pVAX1 group was not statistically significantly different from that detected before immunisation.
After immunisation, the IgG response of the pVAX1-kgp
group was statistically significantly higher than that of the
pVAX1 group and higher than that detected before immunisation (p < 0.05). An increase in the immunisation time
Oral Health & Preventive Dentistry
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Fig 4 mRNA expression levels of IL-β, TNF-α and IL-6 in the maxilla gingiva. a) RT-qPCR was performed to determine the expression levels of
IL-1β in the pVAX1 and pVAX1-kgp groups 6 weeks after immunisation. b) RT-qPCR was performed to determine the expression levels of TNF-α
in the pVAX1 and pVAX1-kgp groups 6 weeks after immunisation. c) RT-qPCR was performed to determine the expression levels of IL-6 in the
pVAX1 and pVAX1-kgp groups 6 weeks after immunisation. *p < 0.05, **p < 0.01.

enhanced the IgG levels. The generation of IgG was dosedependent (Fig 3a).
The IgG subtype IgG1 level in the pVAX1-kgp group was
statistically significantly higher than that in the pVAX1
group (p < 0.05). There were no differences in an increase
in IgG1 between the pVAX1-kgp and pVAX1 groups (Figs 3b
and 3c).

RT-PCR Results
The mRNA expression of the relevant inflammatory factors,
including IL-1`, TNF-_ and IL-6, in the pVAX1-Kgp group was
decreased compared with that in the pVAX1 group, clearly
confirming that the pVAX1-Kgp vaccine can effectively inhibit
P. gingivalis-induced inflammation caused by ligation with
infected ligatures.

DISCUSSION
The pathological manifestations of rodent periodontitis include gingival inflammation, periodontal pocket formation,
alveolar bone resorption and tooth loosening. Experimental
and clinical reports indicated that periodontitis is associated with P. gingivalis infection. In this study, we constructed
the pVAX1-kgp plasmid using the gingipain fragments and
demonstrated that the pVAX1-kgp DNA vaccine was effective
at inducing the immune response and delaying bone loss.
Periodontal disease is multifactorial,16 and the immune
and inflammatory responses of the host to microbial invasion are the decisive factors in the development and destructive effect of the disease. Many studies have shown
that helper T-cells play an important role in immune regulation.14 Miyachi et al8 immunised mice with the RgpA gene
through the nasal mucosa; this immunisation effectively
induced the production of salivary sIgA and blood IgG and
prevented periodontal bone loss in the mice with periodontitis. The vaccine developed by our group can improve the
doi: 10.3290/j.ohpd.b2448589

response of Th1 cells to a certain extent. In mice, Th1 diff
ferentiation produces IgG1 antibodies, and Th2 differentiation produces IgG2a antibodies.5 The detection of typing
antibodies in the mouse serum indicated that Th cells diff
ferentiated into Th2 cells after immunisation.
Pathirana et al18 demonstrated that Kgp has stronger
toxic activity than does RgpA and RgpB, which also indicates that Kgp can be used as a potential target to control
the occurrence of periodontal disease, by early prevention
and treatment of periodontitis at the genetic level. Our previous study9 demonstrated that the Kgp vaccine had a
stronger protective effect on alveolar bone than that of the
RgpA and RgpB vaccines. In this experiment, animals from
the Kgp vaccine group showed clear and stronger antibody
response compared with that in the control group that eventually reduced bone loss, effectively inhibiting the development and destructive effect of periodontitis. Previous studies9 have shown that the RgpA and Kgp vaccines induce
higher production of IgG and result in better defence
against inflammatory response induced by P. gingivalis compared with those achieved by immunisation with the RgpB
vaccine or with heat-inactivated P. gingivalis. Both RgpA and
Kgp proteinases consist of an N-terminal propeptide region,
a proteolytic domain, and C-terminal HA domains. The HA
domains have highly homologous sequence.21,23 However,
RgpB lacks the large C-terminal HA domain; thus, we hyy
pothesised that differences due to this agglutination region
may explain higher immunogenicity of RgpA and Kgp compared with that of RgpB. We plan to perform the experiments and analyses of the lectin domain in the future to
verify whether this domain can be used as a targeted and
short immunogen fragment.
Periodontitis is considered to have a complex source of
infections. Genetic vaccine that combines antigens from varr
ious pathogens may induce an immune response with multiple antibody responses, such as the leprosy combined vaccine.15 The combination of independent antigen genes will be
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able to inhibit the development of the diseases caused by a
series of pathogenic factors.20 Future experiments will develop a more comprehensive and effective plasmid to induce
disease resistance based on these suggestions.

9.

10.
11.

CONCLUSION
The Kgp DNA vaccine can enhance IgG levels in a model of
experimental periodontitis, effectively activate immunity,
and mitigate alveolar bone loss.

12.

13.

14.
15.

ACKNOWLEDGEMENT
The National Natural Science Foundation of China, grant numbers:
81671025; the Science and Technology Development Project of
Shandong Province, grant number: 2019GSF108184.

16.

REFERENCES

18.

1.
2.

3.

4.

5.

6.

7.

8.

Bostanci N BG. Porphyromonas gingivalis: an invasive and evasive opporr
tunistic oral pathogen. FEMS Microbiol Lett 2012;333:1–9.
Brochu V, Grenier D, Nakayama K, Mayrand D. Acquisition of iron from
human transferrin by Porphyromonas gingivalis: a role for Argg- and Lys-gingipain activities. Oral Microbiol Immunol 2001;16:79–87.
Curtis MA, Aduse Opoku J, Rangarajan M, Gallagher A, Sterne JAC, Reid
CR, et al. Attenuation of the virulence of Porphyromonas gingivalis by
using a specific synthetic Kgp protease inhibitor. Infect Immun 2002;70:
6968-6975.
de Diego I, Veillard F, Sztukowska MN, Guevara T, Potempa B, Pomowski
A, et al. Structure and mechanism of cysteine peptidase gingipain K
(Kgp), a major virulence factor of Porphyromonas gingivalis in periodontitis. J Biol Chem 2014;289:32291–32302.
Dominy SS, Lynch C, Ermini F, Benedyk M, Marczyk A, Konradi A, et al.
Porphyromonas gingivalis in Alzheimer’s disease brains: Evidence for disease causation and treatment with small-molecule inhibitors. Sci Adv
2019;5:eaau3333.
Fan X, Wang Z, Ji P, Bian Y, Lan J. rgpA DNA vaccine induces antibody response and prevents alveolar bone loss in experimental peri-implantitis. J
Periodontol 2013;84:850–856.
Flemmig TF, Milián E, Karch H, Klaiber B. Differential clinical treatment
outcome after systemic metronidazole and amoxicillin in patients harborr
ing Actinobacillus actinomycetemcomitans and/or Porphyromonas gingivalis. J Clin Periodontol 1998;25:380–387.
Genco CA OB, Potempa J, Mikolajczyk-Pawlinska J, Travis J. A peptide domain on gingipain R which confers immunity against Porphyromonas gingivalis infection in mice. Infect Immun 1998;66:4108–4114.

688

17.

19.

20.

21.

22.

23.

24.

25.
26.

Guo M, Wang Z, Fan X, Bian Y, Wang T, Zhu L, Lan J. Kgp, rgpA, and rgpB
DNA vaccines induce antibody responses in experimental peri-implantitis.
J Periodontol 2014;85:1575–1581.
Hobernik D, Bros M. DNA Vaccines-How Far From Clinical Use? Int J Mol
Sci 2018;19.
Ito R, Ishihara K, Shoji M, Nakayama K, Okuda K. Hemagglutinin/adhesin
domains of Porphyromonas gingivalis play key roles in coaggregation with
Treponema denticola. FEMS Immunol Med Microbiol 2010;60:251–260.
Kariu T, Nakao R, Ikeda T, Nakashima K, Potempa J, Imamura T. Inhibition
of gingipains and Porphyromonas gingivalis growth and biofilm formation
by prenyl flavonoids. J Periodontal Res 2017;52:89–96.
Kataoka S, Baba A, Suda Y, Takii R, Hashimoto M, Kawakubo T, et al. A
novel, potent dual inhibitor of Arg-gingipains and Lys-gingipain as a promising agent for periodontal disease therapy. Faseb J 2014;28:3564–3578.
Kaur G, Mohindra K, Singla S. Autoimmunity – basics and link with periodontal disease. Autoimmun Rev 2017;16:64–71.
Kennedy RB, Ovsyannikova IG, Vierkant RA, Jacobson RM, Poland GA. Eff
fect of human leukocyte antigen homozygosity on rubella vaccine-induced
humoral and cell-mediated immune responses. Hum Immunol 2010;71:
128–135.
Kinane DF, Stathopoulou PG, Papapanou PN. Periodontal diseases. Nat
Rev Dis Primers 2017;3:17038.
Li N, Collyer CA. Gingipains from Porphyromonas gingivalis – Complex domain structures confer diverse functions. Eur J Microbiol Immunol (Bp)
2011;1:41–58.
Pathirana RD, O’Brien-Simpson NM, Brammar GC, Slakeski N, Reynolds
EC. Kgp and RgpB, but not RgpA, are important for Porphyromonas gingivalis virulence in the murine periodontitis model. Infect Immun 2007;75:
1436–1442.
Potempa J, Pike R, Travis J. Titration and mapping of the active site of
cysteine proteinases from Porphyromonas gingivalis (gingipains) using
peptidyl chloromethanes. Biologic Chem 1997;378:223–230.
Salamanca DR, Gomez M, Camargo A, Cuy-Chaparro L, Molina-Franky J,
Reyes C, et al. Plasmodium falciparum blood stage antimalarial vaccines:
an analysis of ongoing clinical trials and new perspectives related to synthetic vaccines. Front Microbiol 2019;10:2712.
Seers CA, Slakeski N, Veith PD, Nikolof T, Chen YY, Dashper SG, Reynolds
EC. The RgpB C-terminal domain has a role in attachment of RgpB to the
outer membrane and belongs to a novel C-terminal-domain family found
in Porphyromonas gingivalis. J Bacteriol 2006;188:6376–6386.
Suschak JJ, Williams JA, Schmaljohn CS. Advancements in DNA vaccine
vectors, non-mechanical delivery methods, and molecular adjuvants to increase immunogenicity. Hum Vaccin Immunother 2017;13:2837–2848.
Veillard F, Sztukowska M, Mizgalska D, Ksiazek M, Houston J, Potempa B,
et al. Inhibition of gingipains by their profragments as the mechanism
protecting Porphyromonas gingivalis against premature activation of secreted proteases. Biochim Biophys Acta 2013;1830:4218–4228.
Wang F, Qiao W, Xu X, Wang S, Regenstein JM, Bao B, Ma M. Egg yolk immunoglobulins’ impact on experimental periodontitis caused by Porphyy
romonas gingivalis. Technol Health Care 2018;26:805–814.
Wedrychowicz H. Antiparasitic DNA vaccines in 21st century. Acta Parasitol 2015;60:179–189.
Yongqing T, Potempa J, Pike RN, Wijeyewickrema LC. The lysine-specific gingipain of Porphyromonas gingivalis: importance to pathogenicity and potential strategies for inhibition. Adv Experiment Med Biol 2011;712:15–29.

Oral Health & Preventive Dentistry

